Nickel catalysts supported on nano-grained oxides have been prepared from amorphous Ni -Zr -Sm and Ni -Zr -Mm (Mm: misch metal) alloys and crystalline Ni-Sm and Ni-Mm alloys. These catalysts show higher catalytic activity for methanation of carbon dioxide than a conventionally prepared zirconia supported nickel catalyst. The catalytic activity of Ni -Zr -5 at% Sm catalysts increases with increase in nickel content, and is higher than the samarium-free Ni -Zr catalysts containing the same amount of nickel. The stabilization of tetragonal zirconia and the increase in the number of active surface nickel sites by addition of samarium to the nickel-rich catalysts leads to enhancement of catalytic activity. In the Ni -Zr -5 at% Mm catalysts, only the activity of the catalyst containing 60 at% nickel is enhanced in comparison with misch metal-free Ni -Zr catalysts. It is also found that Ni-Sm and Ni-Mm catalysts show activities as high as that of Ni -Zr catalyst, suggesting that samarium and misch metal oxides also act as good catalyst supports for methanation catalysts.
Introduction
In recent years, global warming has been discussed in all sorts of fields. On this occasion, the third session of the conference of the parties to the United Nations Framework Convention on Climate Change (COP3) was held in Kyoto in December 1997. The results of settlement brought to a conclusion as 'Kyoto protocol to the United Nations Framework Convention on Climate Change'. Consequently, every participating nation has definite curtailment targets for greenhouse gases according to each country's ability.
Global warming caused by enormous evolution of carbon dioxide by combustion of fossil fuels has become a serious problem in industrial circles. In order to solve this problem, various types of methods for recovering and chemical fixation of carbon dioxide have been proposed. Methanation of carbon dioxide is the most advantageous reaction with respect to thermodynamics for chemical fixation of carbon dioxide, since the reaction is considerably faster than reactions to form other hydrocarbons or alcohols [1] . The present authors are proposing global carbon dioxide recycling [2] , which consists of generating electricity in deserts, producing hydrogen and methane on coasts close to the deserts and using methane as the energy source on consumer locations. In the deserts, electricity is generated by solar cells. On coasts close to the deserts, the electricity is used for hydrogen production by electrolysis of seawater, and methane is formed by the reaction of the hydrogen with carbon dioxide and sent to energy consumers. Energy consumers, after using methane as a fuel, recover and send carbon dioxide to the coasts close to the deserts. A carbon dioxide recycling plant for substantiation of our idea has been built in 1996 on the roof of our Institute using novel materials tailored by us, such as electrodes for seawater electrolysis [3, 4] and amorphous alloy catalysts for methanation of carbon dioxide [5, 6] . The development of catalysts for methanation of carbon dioxide was the key factor.
Amorphous alloys are interesting materials for novel catalysts and catalyst precursors since it is possible to improve the electronic states of active elements and produce synergistic effects by alloying with various elements. One of the advantages of amorphous alloys is the possibility of forming single solid solutions with compositions far exceeding the solubility limits in the equilibrium state. In fact, there are several reports to show that amorphous alloys have extremely high catalytic activity and high selectivity for some reactions.
Komiyama et al. reported that amorphous Fe-Ni-P -B alloy catalysts show catalytic activity for hydrogenation of carbon monoxide about 200 times higher than those of the corresponding crystalline counterparts [7, 8] . They concluded that the activity is due to high density of the active site in the amorphous alloy catalysts. Yokoyama et al. have found that the activity for methanation of carbon monoxide on amorphous PdZr alloys increases with reaction time by in situ activation [9] . They considered that the activation is due to the formation of an active complex oxide consisting of Pd-Zr-O from amorphous Pd -Zr alloy precursors. Takahashi et al. [10] have also reported that amorphous Pd-Zr alloys become highly active catalysts for hydrogenation of benzene by oxidation and subsequent reduction. From that time, amorphous alloys have received much attention as catalyst precursors. For example, Molnár et al. have reported on catalysts formed from amorphous copper-valve metal alloy precursors for dehydrogenation of 2-propanol [11 -16] . By various pretreatments, the alloys are converted to active catalysts consisting of copper supported on valve metal oxides. The catalysts prepared from amorphous Cu-Zr [17] , Pd-Zr [18] and Rh -Zr [19] alloys for hydrogenation of carbon dioxide have also been reported.
In our studies [5] , it was found that the catalysts prepared from amorphous Ni -Zr binary alloys show the highest activity for methanation of carbon dioxide among various amorphous binary alloys consisting of iron group elements and valve metal elements. The reaction equation of methanation of carbon dioxide is as follows.
In the atmosphere under the reaction, nickel remains in the metallic state, but zirconium is oxidized to zirconia. Namely, during the reaction, amorphous Ni-Zr alloys are converted to zirconia supported nickel catalysts. The stable form of zirconia at room temperature is the monoclinic phase. However, in these catalysts, two types of zirconia are present, namely monoclinic and tetragonal phases [6] . The relative peak intensity of the tetragonal phase in the X-ray diffraction patterns increases gradually with increasing nickel content in the catalysts. The metastable tetragonal phase is stabilized by the formation of nano-grained zirconia [20 -22] and by the dissolution of nickel in zirconia. The turnover number of the catalysts also increases gradually with increasing nickel content. Accordingly, there is a good correlation between the turnover number and the amount of tetragonal zirconia. Therefore, the nickel supported on the tetragonal zirconia has higher activity than that supported on monoclinic zirconia [23] . Furthermore, the addition of rare earth elements to amorphous Ni-Zr alloys is effective in enhancing the activity for methanation of carbon dioxide [24, 25] . Samarium containing catalysts have the highest activity in comparison with cerium and yttrium containing [25] catalysts. The present work aims to clarify the beneficial effect of samarium addition in comparison with that of a mixture of rare earth elements, that is, misch metal.
Experimental

Catalyst preparation
Crystalline alloy ingots were prepared by argon arc melting of 99.95% pure nickel, 99.6% pure zirconium and 99.9% pure samarium or misch metal (a mixture of rare earth elements, La: 22.76 at%, Ce: 54.40 at%, Pr: 5.97 at%, Nd: 16.87 at%). Amorphous alloy ribbons of about 1 mm width and 30 mm thickness were formed by a single roller melt-spinning method in an argon atmosphere. The amorphous structure was confirmed by X-ray diffraction using Cu Ka radiation. Fig. 1 shows the composition-structure diagram of amorphous NiZr-Sm and Ni-Zr-Mm (Mm: misch metal) respectively. Prior to catalytic reactions, the amorphous alloys thus prepared were oxidized in air at 773 K for 5 h and subsequently reduced under hydrogen flow at 573 K for at least 5 h. A 3 at% nickel catalyst supported on zirconia was prepared by a wet impregnation method. Commercial zirconia was impregnated with a solution of Ni(NO 3 ) 2 , and then dried at 373 K for 20 h. After calcination in air at 723 K for 2 h and subsequent reduction under hydrogen flow at 573 K, the specimen was used as a conventionally supported catalyst for methanation of carbon dioxide.
Catalytic reaction
The catalytic reaction was performed in a continuous tubular flow reactor of 15 mm inner diameter under atmospheric pressure. The reaction gas mixture of CO 2 and H 2 (1:4 volume ratio) was passed continuously through the catalyst with F/W = 1.5 ml g
. After the reaction, the gas mixture was analyzed using a Chrompac MicroGC CP2002 gas chromatograph equipped with a thermal conductivity detector. The catalytic reaction was performed at temperatures ranging from 423 to 623 K. The turnover number of the catalysts was determined using a differential reactor and the number of surface nickel atoms was determined by hydrogen chemisorption measurements.
Catalyst characterization
Nitrogen physisorption and hydrogen chemisorption measurements were carried out at 77 and 293 K, respectively, with a Belsorp 28SA automatic gas adsorption apparatus. Prior to the measurement, the catalysts were reduced under hydrogen flow at 573 K for 2 h and then the chamber was evacuated and kept at the same temperature for 3 h. Hydrogen uptake at 293 K was calculated by extrapolating the linear part of the hydrogen adsorption isotherm to zero pressure. The isotherm was obtained from the difference of the first and second runs of the isotherm measurement in order to remove the contribution of hydrogen physisorption. Nickel particle sizes in the catalysts were estimated assuming spherical particles.
The structure of catalysts was determined by X-ray diffraction using Cu Ka radiation and the morphologies of the specimen cross-sections were observed by scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectrometer (EDX). Fig. 2 shows the conversion of carbon dioxide at several temperatures on the Ni -Zr -5 at% Sm catalysts as a function of precursor alloy composition. At 573 K, the 90% conversion of carbon dioxide is reached on most of the catalysts. At 523 K, the conversion decreases abruptly with a decrease in nickel content from 40 to 30 at% in the precursor alloys. At 473 K, an increase in nickel content leads to a gradual increase in the catalytic activity, in comparison with the samariumfree Ni-Zr catalysts which show the highest conversion on the catalyst with 50 at% nickel. The Ni-25Zr-5Sm catalyst reveals the highest activity of all the catalysts examined. Fig. 3 shows the conversion of carbon dioxide at several temperatures on the Ni-Zr-5 at% Mm catalysts as a function of precursor alloy composition.
Results and discussion
Catalytic acti6ity
Only the activity of the catalyst with 60 at% nickel was enhanced by the addition of misch metal, in comparison with the misch metal-free Ni-Zr catalysts at 473 K. Figs. 4 and 5 show the conversion of carbon dioxide on the catalysts containing 60 at% nickel and different concentrations of samarium and misch metal, respectively. At higher and lower reaction temperatures, the effects of the addition of rare earth elements are not clear and the additions of 5 -10 at% of samarium and misch metal are effective at enhancing the catalytic activity only at 473 K. The samarium addition is more effective than the misch metal addition. The higher catalytic activity appears at 5 at% misch metal. A comparison among zirconium, samarium and misch metal supports is given in Fig. 6 which shows the temperature dependence of the conversion of carbon dioxide on catalysts prepared from the amorphous Ni40Zr alloy, the crystalline Ni-40Sm and Ni-40Mm alloys and the one prepared by wet impregnation. The activities of the Ni-40Sm and Ni-40Mm catalysts are higher than that of the catalyst prepared by wet impregnation and are as high as that of the Ni-40Zr catalyst. Accordingly, samarium oxide and misch metal oxide are regarded as good supports of the catalyst for methanation of carbon dioxide. In these experiments, methane selectivity on all the catalysts was practically 100%.
Characterization of catalysts
To clarify the role of samarium, X-ray diffraction analysis was carried out for Ni-25Zr-5Sm, Ni-45Zr-5Sm, Ni-65Zr-5Sm and Ni-50Zr catalysts after the reaction. The results are shown in Fig. 7 . Two types of zirconia were identified in the Ni-50Zr catalyst, that is, tetragonal and monoclinic zirconia. It is noteworthy that reflections of tetragonal zirconia are more diffuse than those of monoclinic zirconia. This indicates that the grain size of the tetragonal zirconia is smaller than that of the monoclinic zirconia. In the Ni-45Zr-5Sm catalyst, tetragonal zirconia was predominantly formed. The Ni-25Zr-5Sm catalyst also has only tetragonal zirconia. By contrast, in the Ni-65Zr-5Sm catalyst, monoclinic zirconia was mainly present. Fig. 8 shows the relative peak height of the 111 reflection for tetragonal zirconia at the diffraction angle of about 30°, with respect to the total peak heights of the 111 reflection for samarium-containing alloys. The stabilization of the tetragonal zirconia by samarium addition should be one of the reasons for the high activity of samarium containing Ni-Zr catalysts. If the nickel content is adequate, that is 60 at%, the addition of misch metal is also effective to stabilize the tetragonal zirconia. Enhancement of catalytic activity depends on the relative amount of tetragonal zirconia as can be seen in Figs. 2 and 3. The results from Figs. 6 and 2 suggest that the activity of catalysts for methanation of carbon dioxide increases in the following order of oxide supports: monoclinic zirconia, samarium oxide, misch metal oxide and tetragonal zirconia. BET surface areas were calculated from the results of nitrogen physisorption measurements. Table 1 shows BET surface areas of Ni-Zr catalysts and Ni-Zr-5 at% Sm catalysts. BET surface areas increase with increasing nickel content in the samarium containing catalysts and the samarium addition increases the roughness. The hydrogen chemisorption takes place on the surface nickel atom [26] and thus, an increase in hydrogen uptake indicates an increase in the number of surface nickel atoms, that is, the active sites for methanation of carbon dioxide. The results of hydrogen chemisorption measurements are summarized in Table  2 . The addition of samarium increases the number of surface nickel atoms in nickel-rich catalysts and hence, samarium addition enhances the dispersion of nickel. However, in zirconium-rich catalysts, hydrogen uptake of samarium-containing catalysts is lower than that of samarium-free Ni-Zr catalysts. Thus, the number of active sites, that is, surface nickel atoms, also decreases. Barrault and Chafik [27] reported that the addition of a few percent of lanthanum, cerium and samarium to carbon supported nickel catalysts is effective in dispersing nickel atoms. Furthermore, as can be seen in Fig. 9 , the turnover number of the samarium containing catalyst is higher than that of the samarium-free catalyst and increases with nickel content due to the stabilization of tetragonal zirconia. Because of the stabilization of tetragonal zirconia and because of an increase in the number of surface nickel atoms, the nickel-rich catalysts containing samarium show extremely high activity for methanation of carbon dioxide. tetragonal zirconia and the 111 reflection for monoclinic zirconia at the diffraction angle of about 28°, as a function of nickel content. Except for Ni -65Zr-5Sm alloy, the tetragonal zirconia is exclusively formed from Fig. 10 shows the morphologies by SEM of cross-sections of the Ni-30Zr and Ni -25Zr -5Sm alloy catalysts after reaction. The Ni -30Zr catalyst consists of three layers. EDX analysis reveals that the outer layer is composed mainly of nickel in the metallic state. The thickest intermediate layer consists of metallic nickel and zirconia. The innermost layer is metallic nickel [6] . In the Ni-25Zr-5Sm catalyst, the outer metallic nickel layer is not detected (Fig. 10(b) ). The major layer contains nickel, zirconia and samarium oxide, which are uniformly distributed in the layer. Thus, this layer consists of metallic nickel finely dispersed on zirconia containing samarium oxide. Furthermore, this layer contains nanoscale pores [25] . The absence of the outer nickel layer may partly contribute to the enlargement of the surface area.
Conclusions
The catalytic activity for methanation of carbon dioxide was examined for catalysts prepared from amorphous Ni-Zr-Sm and Ni-Zr-Mm alloys and from crystalline Ni-Sm and Ni-Mm alloys and the following conclusions can be drawn: 1. The nickel catalysts supported on nano-grained oxides were prepared from amorphous Ni -Zr-Sm and Ni-Zr-Mm alloy and crystalline Ni -Sm and Ni-Mm alloy precursors. These catalysts show higher catalytic activity for methanation of carbon dioxide than a conventionally prepared zirconia supported nickel catalyst prepared by wet impregnation. 2. In the Ni-Zr -5 at% Sm catalysts, an increase in nickel content leads to a gradual increase in the catalytic activity while the samarium-free Ni-Zr catalysts with medium nickel content show the highest conversion. 3. The catalytic activity of nickel supported on tetragonal zirconia is superior to that of nickel supported on monoclinic zirconia, and the stabilization of tetragonal zirconia by the addition of samarium is confirmed for most catalysts except for zirconiumrich samples. 4. Samarium addition stabilizes tetragonal zirconia and increases the number of surface nickel atoms. 5. Activity is enhanced by the addition of 5 at% misch metal only when the catalyst contains 60 at% nickel. The stabilization of tetragonal zirconia was confirmed only for the catalyst containing 60 at% nickel. 6. As for zirconia, samarium oxide and misch metal oxide are regarded as good supports of nickel catalysts for methanation of carbon dioxide. The activity of catalysts for methanation of carbon dioxide decreases in the following order of oxide supports: tetragonal zirconia, misch metal oxides, samarium oxides, monoclinic zirconia.
